.3 is a voltage-gated potassium (K) channel expressed in a number of tissues, including fat and skeletal muscle. Channel inhibition improves experimental autoimmune encephalitis, in part by reducing IL-2 and tumor necrosis factor production by peripheral T lymphocytes. Gene inactivation causes mice (Kv1.3؊͞؊) exposed to a high-fat diet to gain less weight and be less obese than littermate control. Interestingly, although Kv1.3؊͞؊ mice on the high-calorie diet gain weight, they remain euglycemic, with low blood insulin levels. This observation prompted us to examine the effect of Kv1.3 gene inactivation and inhibition on peripheral glucose homeostasis and insulin sensitivity. Here we show that Kv1.3 gene deletion and channel inhibition increase peripheral insulin sensitivity in vivo. Baseline and insulin-stimulated glucose uptake are increased in adipose tissue and skeletal muscle of Kv1.3؊͞؊ mice. Inhibition of Kv1.3 activity facilitates the translocation of the glucose transporter, GLUT4, to the plasma membrane. It also suppresses c-JUN terminal kinase activity in fat and skeletal muscle and decreases IL-6 and tumor necrosis factor secretion by adipose tissue. We conclude that Kv1.3 inhibition improves insulin sensitivity by increasing the amount of GLUT4 at the plasma membrane. These results pinpoint a pathway through which K channels regulate peripheral glucose homeostasis, and identify Kv1.3 as a pharmacologic target for the treatment of diabetes.
K
v1.3 is a Shaker-related, voltage-gated potassium (Kv) channel expressed in lymphocytes (1) (2) (3) (4) (5) (6) , CNS (7) (8) (9) , kidney (10), liver, skeletal muscle, testis, spermatozoa (11) , and osteoclasts (12, 13) . It is postulated to participate in cellular processes such as apoptosis, cell volume regulation, and T cell stimulation (2, 3, 14, 15) . Kv1.3 inhibition is reported to improve experimental autoimmune encephalitis, in part by reducing IL-2 and tumor necrosis factor ␣ (TNF␣) production (16) . Channel activity is up-regulated by serum-glucocorticoid-activated kinase, one of the main mediators of aldosterone's action at the renal distal tubule (17) . Protein kinase C increases (18) and tyrosine kinase inhibits Kv1.3 channel activity (19) . Kv1.3 is highly expressed in the olfactory bulb (20) , and it appears to mediate a large fraction of the outward current detected in these neurons, which also express the insulin receptor (IR). The available data indicate that insulin down-regulates Kv1.3 activity in the olfactory bulb (19, 21) through the phosphorylation of multiple tyrosine residues in Kv1.3 by IR kinase.
Examination of Kv1.3-deficient mice (Kv1.3Ϫ͞Ϫ), generated by gene targeting, revealed a previously unrecognized role for Kv1.3 in body weight regulation (22) . Kv1.3Ϫ͞Ϫ mice weigh less than control littermates and are protected from diet-induced obesity. Indeed, when maintained on a high-fat diet for up to 7 months, they gain less weight than control littermates. Although food intake did not differ significantly between Kv1.3Ϫ͞Ϫ and controls, basal metabolic rate, measured at rest by indirect calorimetry, was significantly higher in knockout animals, suggesting that Kv1.3 channels may participate in the pathways that regulate body weight and that channel inhibition may increase basal metabolic rate.
Interestingly, although Kv1.3Ϫ͞Ϫ mice exposed to a high-fat diet become obese (Ϸ40 g at 7 months), they are euglycemic and have normal blood insulin levels (22) . This observation, along with the fact that Kv1.3 activity is regulated by insulin in the olfactory bulb, prompted us to examine the effect of Kv1.3 gene inactivation and inhibition on peripheral glucose homeostasis and insulin sensitivity.
Methods
Insulin Tolerance Test. Male 12-to 24-week-old Kv1.3ϩ͞ϩ, Kv1.3Ϫ͞Ϫ, C57BL͞6J, db͞db, or ob͞ob mice (C57BL͞6J background, The Jackson Laboratory) were maintained according to National Institutes of Health Guidelines, on standard rodent chow. The experimental group received either Margatoxin (MgTX) (0.1 g͞g body weight) or Kaliotoxin (0.01 g͞g body weight) by i.p. injection 2 h before insulin challenge. Agematched controls were given PBS i.p.. Both groups then received human insulin (7.5 ϫ 10 Ϫ4 units͞g body weight) by i.p. injection, and blood glucose levels were measured by using a Glucometer (Bayer, West Haven, CT) at the indicated time intervals.
Glucose Uptake in Skeletal Muscle and Adipose Tissue. Baseline and insulin-stimulated glucose uptake was measured in soleus muscle and epididymal fat, isolated from Kv1.3Ϫ͞Ϫ mice and control littermates, by using the methods described by Slentz et al. (23) . The insulin concentration was 10 nM.
Immunocytochemistry. Primary cultures of epididymal fat, isolated from Kv1.3Ϫ͞Ϫ mice and control littermates under sterile conditions, were established as described by Cabrero et al. (24) . Cells were treated with either PBS, 100 nM insulin, or 1 nM MgTX for 30 min at 37°C, and fixed with 3% paraformaldehyde in PBS for 3 min at room temperature. GLUT4 expression was detected in adipocytes by immunofluorescence (anti-GLUT4 antibody, Cell Signaling Technology, Beverly, MA). The Texas red-conjugated secondary antibody was obtained from Vector Laboratories. Samples were examined by fluorescence microscopy immediately after staining.
To quantify the amount of GLUT4 translocated to the plasma membrane, isolated adipocytes were transfected with a reporter gene (HA-GLUT4, gift from Samuel W. Cushman, National Institutes of Health, Bethesda) coding for GLUT4 with a hemagglutinin epitope tag (HA) in the first exofacial loop. Transfection was carried out by using the FuGENE 6 reagent (Roche Diagnostics). Parallel experiments with a plasmid containing a GFP cDNA indicated a transfection efficiency of Ϸ55%. Four hours after transfection, the cells were plated in culture dishes with glass coverslips in MEM Alpha medium with 10% FCS. Twenty four hours later, the cells were washed in Krebs-Ringer bicarbonate Hepes buffer, pH 7.4, 200 nM adenosine (KRBH buffer) containing 5% BSA, and treated with either PBS, 67 nM insulin, or 5 nM rMargatoxin for 10 min at 37°C. GLUT4 redistribution was stopped by the addition of 2 mM KCN for 5 min. A monoclonal anti-HA-FITC antibody (Santa Cruz Biotechnology) was added at a dilution of 1:50 to nonpermeabilized cells and incubated for 1 h at room temperature. Excess antibody was removed by washing three times with PBS, and cells were mounted onto glass microscope slides and examined by using a Zeiss LSM 510 confocal imaging system.
For colocalization of GLUT4 and Kv1.3 in skeletal muscle, the tissue was embedded in paraffin and 0.5-to 2.0-mm-thick sections were cut and mounted on glass coverslips, deparaffinized by using xylene, and rehydrated in graded ethanol and PBS. Sections were immunolabeled with a rabbit anti-human Kv1.3 polyclonal antibody (Santa Cruz Biotechnology) at a dilution of 1:1,000. A FITC-labeled goat, anti-rabbit secondary antibody (Zymed) was then used at a dilution of 1:1,000. Finally, the slides were washed in PBS, preserved in crystal͞mount (Biomeda, Foster City, CA) and examined within 4 h by using a Zeiss LSM 510 confocal imaging system.
Measurement of c-Jun
Terminal Kinase (JNK) Activity. Kv1.3Ϫ͞Ϫ mice and control littermates were given either MgTX (0.1 g͞g body weight) or PBS by i.p. injection 2 h before tissue collection. The animals were killed, epididymal fat and soleus muscle were isolated, and JNK activity was measured by using reagents purchased from Cell Signaling Technology, according to the manufacturer's instructions. The amount of JNK protein loaded in each lane was assessed by using an antibody that detects total, phosphorylated and unphosphorylated, JNK1 and JNK2 proteins (Sigma). Signal intensity was quantified by using NIH IMAGE 1.62 software. For each sample, signal intensity of phosphorylated c-Jun was expressed relative to the amount of JNK protein present.
IL-6 and TNF␣ Secretion. The periuterinal fat pads of ob͞ob mice were dissected under sterile conditions, minced, and incubated in medium (1.5 ml of media per gram of tissue) containing DMEM and Ham's F-12 in a 1:1 mixture, supplemented with 0.5% (wt͞vol) endotoxin-free BSA. The incubation solution also contained 1 nM 3,3Ј,5-triiodo-L-thyronine, 5 mM glutamine, penicillin (6.35 mg͞liter), and streptomycin (5 mg͞liter). The tissues were incubated at 37°C in six-well plates, which were gently swirled every 15 min. MgTX was added at a concentration of 1 nM as indicated at time 0. Culture medium (250 l) was collected at 1 h, quickly frozen, and stored at Ϫ80°C. TNF␣ and IL-6 levels were measured by ELISA using the mTNF␣ Biotrak kit (Amersham Pharmacia) and optEIA mouse IL-6 kit (BD Biosciences, San Diego), respectively. IL-6 and TNF␣ values were expressed as picograms per milligram of DNA.
Statistical Analysis. The two-tailed Student's t test for unpaired samples was used to analyze the data shown, and P values of Ͻ0.05 are indicated as appropriate.
Results and Discussion
As shown in Fig. 1 , although Kv1.3Ϫ͞Ϫ and WT mice had similar glucose levels, fasting and nonfasting plasma insulin concentrations were significantly lower in Kv1.3Ϫ͞Ϫ animals. Glucagon levels were not significantly different (Kv1.3ϩ͞ϩ, 84.30 Ϯ 8.54 pg͞ml, n ϭ 6 vs. Kv1.3Ϫ͞Ϫ, 76.50 Ϯ 18.5 pg͞ml, n ϭ 6). An insulin tolerance test confirmed that Kv1.3Ϫ͞Ϫ mice were more sensitive to the actions of insulin, which caused a significantly greater fall in blood glucose of Kv1.3Ϫ͞Ϫ mice, starting 15 min after injection and lasting at least 2 h (Fig. 1B) . These data indicate that disruption of the Kv1.3 gene is associated with an apparent increase in insulin sensitivity.
Although deletion of Kv1.3 currents potentiates the hypoglycemic action of insulin, the role of compensatory mechanisms activated by the chronic and complete absence of the Kv1.3 protein is unclear. For instance, Kv1.3Ϫ͞Ϫ mice weigh 10-15% less than littermate controls, and it could be argued that the reduction in body weight could partly account for the apparent increase in insulin sensitivity. To address this issue, we studied the effect of the acute inhibition of Kv1.3 activity on insulin sensitivity in age-and weight-matched WT mice. As shown in Fig. 2A , C57BL͞6 mice that received a single injection of MgTX (inhibitor Kv1.2 and Kv1.3; ref. 7) 2 h before study had lower fasting blood glucose compared to mice that were given PBS. Furthermore, MgTX-treated mice exhibited significantly lower blood glucose levels in response to insulin. To examine whether the effect of MgTX was specific for Kv1.3, insulin tolerance tests were carried out in Kv1.3Ϫ͞Ϫ mice pretreated with either PBS or MgTX. No significant differences in blood glucose were observed (PBS, 57.3 Ϯ 4.3 mg͞dl at 60 min, n ϭ 5; MgTX, 62.4 Ϯ 5.2 mg͞dl at 60 min, n ϭ 5), suggesting that MgTX mediates its action by inhibiting Kv1.3 channel activity. These results show that Kv1.3 inhibition increases peripheral insulin sensitivity independent of changes in body weight, and suggest a direct role of Kv1.3 in glucose metabolism.
We then examined whether Kv1.3 inhibition could ameliorate the insulin insensitivity observed in mice with type II diabetes mellitus and obesity. db͞db mice carry a mutation in the leptin receptor leading to obesity, insulin resistance, and hyperglycemia. At about 8 weeks of age, db͞db mice typically have blood glucose levels ranging from 300 to 350 mg͞dl (25) . Inhibition of Kv1.3 by MgTX resulted in a significantly greater fall in blood glucose in db͞db mice receiving insulin compared to those given PBS and insulin (Fig. 2B) . The difference in glucose levels was evident within 30 min and persisted for up to 4.5 h. The ob͞ob mouse (C57BL͞6J background, The Jackson Laboratory) carries a mutation in the leptin gene, and exhibits severe obesity, insulin resistance, hyperinsulinemia, and hyperglycemia. ob͞ob mice treated with a single injection of MgTX were significantly more sensitive to insulin than mice receiving PBS, with a fall in blood glucose in response to insulin administration 50% greater than control mice (Fig. 2C ). The difference in glucose level was evident within 30 min after the administration of insulin and persisted for at least 3 h. Although MgTX is a specific and potent inhibitor of Kv1.3, it also blocks Kv1.2. To differentiate between these two possibilities, the effect of Kaliotoxin, which inhibits both Kv1.3 (IC 50 ϭ 0.6 nM) and Kv1.1 (IC 50 ϭ 40 nM) but not Kv1.2, on insulin sensitivity was examined. Animals that received Kaliotoxin and insulin had significantly lower blood glucose than those only receiving insulin (at 270 min, control ϭ 77.3 Ϯ 3.5% vs. Kaliotoxin ϭ 44.2 Ϯ 2.9%, n ϭ 5, P Ͻ 0.001). These data indicate that inhibition of Kv1.3 currents increases insulin sensitivity in obese and diabetic mice, and further strengthen the notion that Kv1.3 channels play a key role in peripheral glucose metabolism.
Several mechanisms could account for these observations, including decreased glucose production by the liver or increased glucose uptake by adipose tissue and skeletal muscle. Although skeletal muscle accounts for 80% of peripheral glucose disposal, adipose tissue plays a crucial role in the modulation of peripheral insulin sensitivity. Interestingly, Kv1.3 is expressed in both white and brown adipose tissue, in significantly higher levels than in skeletal muscle and liver. To investigate the mechanisms of increased insulin sensitivity in Kv1.3Ϫ͞Ϫ mice, we examined the role of Kv1.3 on glucose uptake in white adipose tissue and skeletal muscle. Baseline and insulin-stimulated glucose uptake by adipose tissue and skeletal muscle was significantly higher in Kv1.3Ϫ͞Ϫ than in WT mice (Fig. 3 A and B) . These data indicate that the observed increase in peripheral insulin sensitivity can largely be explained by the stimulation of glucose uptake in fat and skeletal muscle.
GLUT4 is the major transporter that mediates glucose translocation in insulin sensitive tissues. An increase in glucose transport could occur through the activation of GLUT4 molecules that already reside at the plasma membrane. Alternatively, additional GLUT4 transporters could translocate to the plasma membrane from intracellular stores. To distinguish between these two possibilities, we examined the effect of Kv1.3 deletion or pharmacologic inhibition on GLUT4 translocation. Fig. 3C suggests that, similar to insulin treatment, either Kv1.3 deletion or channel inhibition with MgTX preferentially shifts GLUT4 to (4-month-old, n ϭ 5). The arrow indicates when insulin was injected. MgTX-treated mice had lower blood glucose than PBS-treated controls ( * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.003). (B) Insulin tolerance in ob͞ob mice (3-month-old male, n ϭ 5). The arrow indicates when insulin was injected. Ob͞ob mice given MgTX had lower blood glucose than PBS-treated controls ( * , P Ͻ 0.05; ** , P Ͻ 0.01). (C) Insulin tolerance was performed in db͞db mice (3-month-old male, n ϭ 5). The arrow indicates when insulin was injected. Blood glucose was significantly lower in db͞db mice that received MgTX ( * , P Ͻ 0.05; ** , P Ͻ 0.01).
the plasma membrane. To refine our analysis and quantify the amount of GLUT4 protein that translocates to the plasma membrane, we transfected freshly isolated adipocytes with GLUT4 containing a HA tag at the first exofacial loop, and examined nonpermeabilized cells for the appearance of GLUT4 protein at the plasma membrane (26) . In unstimulated cells, the amount of GLUT4 protein at the plasma membrane was below the limit of detection (Fig. 3D Top) , and intracellular labeling was absent because the cells were not permeabilized. As expected, treatment with insulin resulted in a large increase in GLUT4 at the plasma membrane (Fig. 3D Middle) . Most importantly, Kv1.3 inhibition with MgTX also resulted in a shift of GLUT4 to plasma membrane (Fig. 3D Bottom) .
We then asked whether Kv1.3 inhibition also affected GLUT4 translocation in skeletal muscle. WT mice were treated with MgTX and killed 2 h later, and skeletal muscle sections were examined for the distribution of Kv1.3 (plasma membrane protein) and GLUT4. In mice given PBS, GLUT4 protein is located intracellularly (Fig. 3E Upper Left) , with faint labeling of the plasma membrane (arrow). As expected, the anti-Kv1.3 antibody preferentially labels the plasma membrane (Fig. 3E  Upper Center) , and the merged picture (Fig. 3E Upper Right) reveals little overlap of GLUT4 and Kv1.3 at the plasma membrane. In contrast, Kv1.3 inhibition with MgTX stimulates GLUT4 movement to the plasma membrane (Fig. 3E Lower Left) and colocalization with Kv1.3 is clearly evident in the merged picture (Fig. 3E Lower Right) .
These data strongly indicate that the apparent increase in insulin sensitivity observed in whole-animal studies, can be attributed, in part, to a stimulation of glucose uptake in insulinsensitive tissues, which is mediated by increased GLUT4 translocation to the plasma membrane. It should be noted that, although the effect on GLUT4 traffic to the plasma membrane is robust enough to account for the observed increase in glucose transport, our data do not completely exclude a role for GLUT4 activation.
Recent experimental data indicate that adipocytes secrete a number of molecules, including leptin, TNF␣, IL-6, and resistin, that modulate peripheral insulin sensitivity (27, 28) . In peripheral T lymphocytes, Kv1.3 inhibition decreases the production of inflammatory cytokines such as IL-2 and TNF␣ (15, 16, 29, 30) . Although the mechanisms underlying the action of TNF␣ on insulin sensitivity are not completely understood, the stimulation of lipolysis in adipose tissue appears to be an important event (31) . Recent data indicate that mitogen-activated protein kinases, including JNK, are critical mediators of TNF␣'s action on lipolysis (32, 33) . Furthermore, JNK activity is increased in obesity, and JNK1-deficient mice exposed to a high-fat diet are less obese than controls and exhibit improved insulin sensitivity (28) , suggesting that JNK plays a central role in obesity and insulin sensitivity. JNK activity was measured, by using c-jun as JNK substrate, in skeletal muscle and white adipose tissue 2 h after injection of either PBS or MgTX in WT and Kv1.3Ϫ͞Ϫ mice. As shown in Fig. 4A , compared to PBS, MgTX decreased JNK activity in WT mice (adipose tissue, 86.3 Ϯ 6.7%, n ϭ 3, P Ͻ 0.001; skeletal muscle, 92.8%Ϯ11.3, n ϭ 3, P Ͻ 0.001), but had no effect on JNK activity in Kv1.3 null mice (Fig. 4B) . It is noteworthy that, although baseline JNK activity was detected in Kv1.3 null mice (perhaps secondary to up-regulation of JNK2), it was insensitive to inhibition by MgTX, strongly suggesting that the decrease in JNK activity detected in WT mice given MgTX was specifically mediated by Kv1.3 channel inhibition. Because JNK is an important mediator of peripheral insulin sensitivity, we conclude that it may play a key role in the molecular mechanism that underlie the action of Kv1.3 on insulin sensitivity.
The JNK signal transduction cascade integrates a large number of extracellular signals, including TNF␣, which modulates the activity of mitogen-activated protein kinases such as extracellular signal-related kinase and JNK in adipocytes. Changes in TNF␣ levels lead to reciprocal variations in JNK activity. Previous studies indicate that Kaliotoxin, a Kv channel blocker, inhibits TNF␣ secretion by peripheral T lymphocytes (16) . Based on the forgoing, we hypothesized that Kv1.3 could inhibit JNK activity in adipocytes by decreasing TNF␣ secretion, and examined the effect of MgTX on JNK activity and TNF␣ secretion in adipocytes of ob͞ob mice. Fig. 4C shows that 1 nM MgTX significantly inhibits JNK activity in ob͞ob mice (63.2 Ϯ 3.5%, n ϭ 4). Furthermore, MgTX decreased TNF␣ secretion by ob͞ob adipocytes (Fig. 4D) . These data confirm our hypothesis and indicate that the increased in insulin sensitivity observed with Kv1.3 inhibition is, in part, mediated by a decrease in TNF␣ secretion by adipocytes.
Adipocytes produce large quantities of IL-6, and contribute Ϸ30% of the IL-6 detected in the systemic circulation (34) . They express active IL-6 receptors and become insulin resistant when exposed to IL-6, which inhibits of IR substrate 1 and GLUT4 gene transcription (27) . We tested whether Kv1.3 inhibition altered IL-6 production by adipocytes. Fig. 4E shows that 1 nM MgTX significantly inhibits IL-6 secretion by ob͞ob adipocytes (42.4 Ϯ 5.1%, P Ͻ 0.02, n ϭ 4). Taken together, these data indicate that Kv1.3 inhibition increases insulin sensitivity by down-regulating the production of TNF␣ and IL-6 by adipocytes (Fig. 4F) .
The decrease in IL-6 and TNF␣ secretion observed with Kv1.3 inhibition can account for the down-regulation of JNK activity. On the other hand, the mechanisms that underlie Kv1.3's action on cytokine production are not entirely clear. Kv1.3 is known to regulate the resting membrane potential of nonexcitable cells, and channel inhibition has been shown to depolarize the plasma membrane and to alter intracellular calcium levels (15) . For each particular cell, the net effect on intracellular calcium concen- tration would depend on the nature and net balance of the calcium entry pathways present at the plasma membrane. For instance, membrane depolarization will decrease calcium influx through calcium release-activated calcium channel (inactivated by depolarization), but increase calcium entry via voltage-gated calcium channels, which are stimulated by membrane depolarization. We speculate that Kv1.3 might regulate cytokine synthesis and secretion through its action on intracellular calcium levels.
K channels play an important role in insulin secretion and glucose metabolism. The ATP-sensitive potassium (KATP) and other Kv channels (Kv1.x and Kv2.x) regulate glucose homeostasis by controlling the membrane potential and insulin secretion by pancreatic ␤ cells (35) . Inhibition of KATP by sulfonylurea compounds depolarizes the cell and activates voltage-sensitive Ca 2ϩ channels, leading to an increase in intracellular Ca 2ϩ concentration and a stimulation of insulin secretion. In addition to their effect on insulin secretion, these compounds can also increase insulin sensitivity in insulin-responsive tissues. KATPdeficient mice develop hypoglycemia and have a defect in glucagon secretion. In contrast to what is observed with KATP inhibition or deletion (36), Kv1.3 disruption does not cause an increase in insulin secretion and is not associated with abnormalities in glucagon secretion. Furthermore, because we could not detect Kv1.3 expression in the pancreas, we hypothesize that its role in glucose homeostasis may be quite distinct from that of other K channels. Increased insulin sensitivity is observed as a side effect of clinically useful compounds. For instance, fluxetine (37) (38) (39) and verapamil (40) are known to increase insulin sensitivity. The precise mechanisms mediating their effect on insulin sensitivity remains unknown. Interestingly, therapeutic levels of both drugs (41-44) inhibit Kv1.3 activity, suggesting that they may modulate insulin sensitivity through inhibition of Kv1.3 currents.
In conclusion, this work provides support for the notion that Kv1.3 is an important component of the pathways that regulate glucose homeostasis. Inhibition of channel activity, either by gene deletion or by channel blockers, significantly increases peripheral insulin sensitivity by recruiting GLUT4 to the plasma membrane by down-regulating IL-6 and TNF␣ secretion and JNK activity. The channel and its signaling pathway represent potential targets for the development of drugs useful in the management of diabetes.
